In 13 villages in the savannah zone and 21 villages in the forest zone of Cô te d'Ivoire, the biting density of the principal malaria vector, Anopheles gambiae, was studied as a function of rice cultivation in the inland valleys in a 2-km radius around each village. In the savannah villages, during the main season cropping period, surface water on rice-cultivated and to a lesser extent on uncultivated inland valleys seems to contribute strongly to the A. gambiae population density. For the off-season cropping period (which starts after the first light rains in the savannah zone), correlations were weaker. Breeding sites other than in inland valleys may play an important role in the savannah zone. In the forest zone, however, the A. gambiae population density was strongly correlated with the surface water availability (SWA) in the rice-cultivated inland valleys, whereas the correlation with the SWA in other (uncultivated) inland valleys was weak. The requirement of sunlit breeding sites for A. gambiae might explain this difference between zones. In the forest zone, only inland valleys cleared for rice cultivation meet this requirement, whereas all other inland valleys are covered with dense vegetation. In the savannah zone, however, most undergrowth is burnt during the dry season, which permits sunlight to reach puddles resulting from the first rains.
Introduction
Human health is often considered as a major constraint to sustainable intensification of rice cultivation in lowland areas, and alleviating this constraint may contribute to reduced land pressure in the upland areas (Garrity 1988; Service 1989a,b; Windmeijer & Andriesse 1993) . Lowland or irrigated rice cultivation enhances population development of many mosquito species, many of which transmit human diseases (Lacey & Lacey 1990 ). In the absence of mosquito control, this occurs worldwide. In Africa, irrigated rice cultivation (with full or partial water control) is associated with higher densities of the main vectors of malaria (the mosquito species Anopheles gambiae s.s., A. arabiensis, A. funestus and A. pharoensis) than neighbouring areas without irrigated rice cultivation (Chandler et al. 1975; Coosemans 1985; Robert et al. 1985; Faye et al. 1993 Faye et al. , 1995 Dossou-Yovo et al. 1994; Marrama et al. 1995) . Often, irrigated rice cultivation leads to extension of the breeding season of malaria vectors (Chandler et al. 1975; Mwangi & Mukiama 1992) .
The major limitations of most studies that try to measure the impact of irrigated rice on vector-borne diseases is that often few villages are used in the analyses, and that villages with irrigated rice cultivation might be fundamentally different from villages without rice cultivation, in terms of hydrology and natural breeding sites, even before the introduction of rice cultivation. In villages in areas subject to flooding, a large part of the anopheline population might be breeding in sites other than rice fields, especially when the rice cultivated surface is limited.
This study focuses on the relationship between rice cultivation in inland valleys and populations of A. gambiae, the major malaria vector in the savannah and forest zone of West Africa, which breeds in sunlit water bodies. The transmission of malaria in the savannah zone is further discussed by Dossou-Yovo et al. (unpublished) and Henry et al. (2003) . We assessed the correlation of flooded 
Materials and methods

Selection and description of study sites
We assigned villages to three agro-ecosystem classes according to the surrounding inland valleys within a 2-km radius: (R0) villages with inland valleys without rice cultivation, (R1) villages with inland valleys with no or partial water control, suitable for one rice-cropping cycle during the rainy season, and (R2) villages with inland valleys with partial or full water control that permits two cycles of rice cropping per year. In both the savannah zone in the north, and the forest zone in the west of Cô te d'Ivoire, a geographical area was sought with a population density of 20-40 people per square kilometre, in which villages of all three classes were present. Areas with villages that practised either one or more cycles of rice cropping were found in both zones, but villages with uncultivated inland valleys were found in areas close by. In the savannah zone, the area around Korhogo (between 9°10¢ and 9°40¢ N and between 5°20¢ and 5°60¢ W) was selected for villages with rice cultivation (R1/R2), and the area between Niakara and Katiola (between 8°00¢ and 8°55¢ N and between 4°50¢ and 5°13¢ W) was selected for R0 villages. In the forest zone, the area between Danane and ZouanHounien and Bin-Houyé (between 6°47¢ and 7°09¢ N and between 8°03¢ and 8°18¢ W) was selected for villages with rice cultivation, and the area between Guiglo and Toulé-pleu (between 6°32¢ and 6°35¢ N and between 7°34¢ and 7°57¢ W) was selected for R0 villages. For each of the four areas a sampling frame was constructed of villages that had inland valleys within a 2-km radius and a population of more than 300 with the help of topographic maps and field visits. In the savannah zone, the size of the sampling frame was 11 villages for R0, 108 villages for R1 and nine villages for R2. In the forest zone, the size of the sampling frame was 15 villages for R0, 74 villages for R1 and eight villages for R2. The villages of each agro-ecosystem class were listed in random order, and the first eight (savannah zone) or seven (forest zone) villages of each group were selected. These villages are presented in Tables 1 and 2 and Figure 1 .
In northern Cô te d'Ivoire, in the area around Korhogo, the savannah vegetation consists of an open forest of trees, shrubs and grassland. The dry harmattan wind blows for 3-5 months during the dry season, which is usually from November to March/April. In this period, drought is almost absolute with the exception of some rare rains. During this period, the grassland is burned over large areas. From April to June, light rains fall in large intervals.
The rainy season generally starts at the end of June or beginning of July and ends in October. Rainfall is monomodal, and the vegetative period is 220 days. Erosion is a problem in large deforested areas. During the dry season, rice can only be cultivated with the help of irrigation water from man-made reservoirs. In the region of Korhogo, there are 13 dams, built in the 1970s for irrigation purposes, of which eight are rehabilitated or in the process of rehabilitation. All double-cropping villages in our study had access to water from such reservoirs. The dams/irrigation structures of the villages Nambekaha and Zemongokaha were deteriorated, and therefore only a relatively small proportion of their inland valleys could be used for off-season cropping. Without irrigation, only one crop per year is possible, during the rainy season.
In the more southern savannah around Katiola, deforestation is less of a problem than in the region of Korhogo. The Harmattan only blows 1-3 months, and the rainfall is pseudo-bimodal. The vegetative period is 240 days. In the inland valleys of the R0 villages, according to local farmers, rice is no longer cultivated because of insufficient rainfall. In this area, however, other villages do cultivate rice.
In western Cô te d'Ivoire, in the area south of Danané, the natural vegetation is semi-deciduous forest, but most of the natural forest has been replaced by coffee and cocoa plantations. The rainfall pattern is long-monomodal, and the vegetative period is 290 days. In the 1970s, numerous inland valleys were improved for rice cultivation by the Société pour le Développement de la Riziculture, but after this organization was dissolved, most of the infrastructure deteriorated because of lack of maintenance. Therefore, water control is only partial in the inland valleys, and as a result, the agricultural calendar is strongly dependent on rainfall. This is one reason why little rice is cultivated during the dry season, besides problems of bird pests and presence of leeches.
In the region west of Guiglo, the natural forest is dense, but here also, most of the natural forest has been replaced by coffee and cocoa plantations. The dry season lasts 3-4 months from December to February. The rainfall is pseudo-bimodal, and the vegetative period is 270 days. Rice is not cultivated in the inland valleys by local farmers, and only small patches of inland valley are cultivated by immigrants. However, upland rice cultivation is welldeveloped. The local farmers believe that farming the inland valleys causes male sterility.
Environmental, weather and agronomic data collection
The villages were visited by an agronomist who measured the surface of inland valleys (including rivers, lakes and 
Entomological data collection
In the savannah zone, entomological data were collected in four villages per agro-ecosystem (five in R1) ( Table 1  1 ). Nine trans-sectional entomological surveys were held at 6-week intervals, from December 1996 to November 1997. For the village Binguebougou, the first survey was missing. The entomological study is described in detail in DossouYovo et al. (unpublished) . In the forest zone, entomological data were collected in all selected villages listed in Table 2 , following the same method as Dossou-Yovo et al. (unpublished) . The entomological surveys in the villages Batouapleu, Bietouo, Bouenneu, Douedy-Guezon, Gbontegleu, Glopaoudy, Meantouo, Vetouo and Zouan were funded by the Multilateral Initiative for Malaria (MIM). In the forest zone, in most villages, nine entomological surveys were held at 6-week intervals, from March 1998 to March 1999. The first survey of March 1998 was missing for the villages Beoue and Seileu and for the MIM villages with the exception of Vetouo. In the MIM villages and the villages Pepleu, Pohan, Yotta and Ziglo, an additional survey was held in April 1999. In the forest villages, mosquitoes were collected from 21.00 to 06.00 h, whereas in the savannah, collections were from 18.00 to 06.00 h. Only catches within the 21.00-06.00 period of the species A. gambiae s.l. are considered in the present study.
Data analysis
Poisson regression analysis (with logarithmic link function) was performed in the statistical package R, with A. gambiae human biting catches (HBC) as a proxy for A. gambiae population density 2 during the respective cropping seasons as response variable with the villages as units of analysis.
Because of a relatively small number of villages per agroecosystem (four in the savannah zone and seven in the forest zone), all villages in a zone were analysed together without using the agro-ecosystems classification as a categorical variable in the model. Such a variable would have been appropriate in the regression model, because the R0 villages were in geographically different areas and the R2 villages in the savannah had access to controlled irrigation water from man-made lakes, unlike R1 villages, but we had too few data points for the inclusion of such a stratification. In a quantitative analysis, it is difficult to incorporate mosquito population dynamics (e.g. height and timing of population peaks) and environmental events such as rainfall and agricultural activities. For this reason, and to avoid problems of serial correlation of temporal data, A. gambiae s.l. HBC were averaged for the surveys during the respective cropping period. In the savannah, surveys 2, 3, 4 and 5 (January-June) were averaged as a proxy for the mosquito density during the off-season cropping period, and surveys 1, 6, 7, 8 and 9 (July-December) as a proxy for the mosquito density during the main season cropping period. The first survey in Binguebougou, which was missing, was estimated by the average of the first surveys of the villages Fapaha and Tioroniaradougou. In the forest, surveys 7, 8 and 9 (November-March) were averaged as a proxy for the mosquito density during the off-season cropping period, and surveys 2, 3, 4, 5 and 6 (AprilOctober) as a proxy for the mosquito density during the main season cropping period.
As explanatory variable we used, a measure of surface water availability (SWA) (on both rice-cultivated and uncultivated inland valley area in a 2-km radius around the villages) for the respective cropping season. The SWA measure was calculated as follows: the flooded surfaces of each inland valley were interpolated for each day during the study period. The sum of the flooded surfaces of all inland valleys per village yielded an estimate for the total of flooded surface each day in the 2-km radius of each village. The sum of the flooded surfaces over the periods of the respective cropping cycles or agricultural activities was then used as a measure for SWA.
For the SWA calculation in the savannah, 1 July to 31 December 1997 was chosen for the main season cropping period, and 1 January to 30 June 1997 for the off-season cropping period. In the forest, these periods were 9 July to 31 October, and 1 November to 31 March, respectively (in the forest zone we did not have data for the beginning of the main season cropping cycle). In univariate regression analysis, the SWA on all inland valleys, the SWA on rice cultivated land and the SWA on inland valley land without rice cultivation, were tested for correlation with biting density. In multivariate analysis, the proportion of SWA on rice cultivated inland valleys out of the SWA on all inland valleys (representing the effect of cultivation of the flooded land), together with the SWA on all inland valleys were tested as covariates. Testing both the SWA on rice cultivated land and the SWA on inland valley land without rice cultivation were computed together in multivariate analysis would not separate out the effect of cultivation from the effect of flooding, since it was unknown how much of the flooding of land was caused by agricultural activities. The regression analysis was performed for each season and zone combination separately.
Results
The surface of inland valleys including water bodies, the cultivated surface of rice fields, the SWA measure, and the average density of A. gambiae bites per night for each village are presented for both the off-season and the main season cropping periods in Tables 1 and 2. In the savannah zone, the village Kassoumbarga (classified as R1) had some off-season rice cultivation, but this was very little (0.7 ha) compared with the villages classified as R2 (on average 37 ha). In the forest zone, three villages classified as R0 had main season rice cultivation, but the surface was negligible compared with that of the villages classified as R1 and R2. The villages Vetouo, Finneu and Zoleu in the forest zone, classified as R2 (based on previous years), had little or no off-season rice cultivation during the study.
Entomological curves
In most villages in the savannah zone, two population peaks of A. gambiae were observed: the first at the end of April, following the first (light) rains of end March and April, the second at the end of September. This made it convenient to divide the year into two periods: a period from the beginning of the year (before the first rains) to the end of June and a second period from the beginning of July to the end of the year. These periods correspond to the offseason cropping cycle and main season cropping cycle, respectively, in the rice-cropping villages. The A. gambiae population dynamics are described in detail by DossouYovo et al. (unpublished) .
In the R0 villages, A. gambiae densities were not significantly different between periods. However, in two of the R0 villages, the rainy-season density peak was markedly lower than the dry-season density peak. In the R1 villages, with the exception of Kaforo, the A. gambiae density peaks were significantly higher during the ricegrowing period than during the dry season (MannWhitney U-test, a ¼ 0.05). The A. gambiae population in Kaforo was comparable with that of the double-cropping village Nambekaha. Double-cropped fields of Nambekaha and Lamekaha were situated just outside the 2-km radius of Kaforo. For this reason, Kaforo was excluded from the regression analysis (see below). In three of the four double-cropping villages, the A. gambiae density peak was significantly higher during the off-season cropping period than during the main season rice cropping period. In the village of Gbahouakaha, the mosquito densities were very low during the off-season rice cycle. This was surprising, as this village shared a large part of the double-cropped inland valley with the neighbouring village of Nongochenekaha, which had a high population density of A. gambiae during the off-season rice cycle.
In the forest zone, over the period of 1 year, one population peak of A. gambiae was observed in the villages of R0 and R1. In R2, a peak of A. gambiae occurred in villages that had more than 1.5 ha of off-season rice. This peak fell during the dry season from December to March, in which there was very little or no rain. During this period, no peak was observed in the R0 and R1 villages, or in the savannah zone. The A. gambiae density during the offseason rice cycle was lower than that of the main season rice cycle in the R2 forest villages.
Regression analysis
In the following section, the regression results of the A. gambiae density per person with the SWA explanatory variables are presented (Table 3) .
In univariate Poisson regression analysis, for the savannah during the off-season cropping period, the SWA of all inland valleys irrespective of rice cultivation showed a strong correlation with the A. gambiae density per person (pseudo R 2 ¼ 0.74) (Figure 2 ). The SWA on rice cultivated land was only weakly correlated (pseudo R 2 ¼ 0.38), whereas the SWA in the uncultivated inland valleys was more strongly correlated (pseudo R 2 ¼ 0.52). However, when the village of Nambekaha, which had extreme values for surface, SWA and A. gambiae density per person, was excluded from the analysis, the SWA of all inland valleys irrespective of rice cultivation showed a weaker correlation (pseudo R 2 ¼ 0.44). The effect of SWA on rice cultivated land, was similar (pseudo R 2 ¼ 0.32), but the effect of the SWA of uncultivated inland valleys became insignificant. In multivariate analysis, the effect of the cultivation of the flooded land was not significant.
In the savannah during the main season cropping period, results were similar to those of the off-season cropping period, except that correlations with the SWA on rice cultivated land were higher (pseudo R 2 ¼ 0.69) and a high correlation of the SWA of all inland valleys, irrespective of including Nambekaha in the analysis (Figure 3) .
In the forest during the off-season cropping period, the SWA of the total inland valley area (irrespective of rice cultivation) showed a significant but weak correlation with the A. gambiae density per person (pseudo R 2 ¼ 0.54). In contrast, the SWA of the area cultivated with rice had a strong correlation with the A. gambiae density per person (pseudo R 2 ¼ 0.85). In the multivariate regression analysis, the proportion of SWA on rice cultivated inland valleys of the SWA on all inland valleys was significant (pseudo R2 for the full model, 0.91) (Figure 4) .
In the forest during the main season cropping period, the SWA of the total inland valley area (irrespective of rice cultivation) showed a strong positive correlation with the A. gambiae density per person (pseudo R 2 ¼ 0.74) (Figure 5) , comparable with the correlation found in the n, number of villages tested; Nam., Nambekaha; Inc., included; Exc., excluded; ln, natural logarithm; NS, not significant (a ¼ 0.05). Figure 2 Scatter plot of the average Anopheles gambiae s.l. density (bites per person-night) against the surface water availability in all inland valleys in a 2-km radius around a village (irrespective of rice cultivation) for villages without inland valley rice cultivation (h), single-cropping (s) and double-cropping (d) villages in the savannah studied during the off-season cropping period. The outlying village Kaforo was excluded from the regression analysis. The effect of inclusion of the village Nambekaha was studied in the regression analysis.
savannah. The SWA of the land cultivated with rice had a somewhat weaker correlation with the A. gambiae density per person (pseudo R 2 ¼ 0.58), whereas the correlation of the SWA on land without rice cultivation was weak (pseudo R 2 ¼ 0.37). In multivariate analysis, the effect of the cultivation of the flooded land was not significant, as in the savannah.
Discussion
In this study, it was difficult to quantify the flooding of inland valleys attributable to rice cultivation activities, because it was unknown how much of the flooding would occur naturally. However, in general (except for the case of the off-season rice cropping period in the savannah zone, with the outlying village Nambekaha included), in univariate regression analysis the correlations with the A. gambiae population density per person were higher for the SWA on rice cultivated land than on uncultivated inland valleys. However, correlations for the SWA on all inland valleys irrespective of rice cultivation were generally higher than for rice cultivated land, except for the case of the off-season cropping period in the forest zone, indicating that both types of flooded land contribute to mosquito breeding. The correlation of biting density with SWA on all inland valleys irrespective of rice cultivation is particularly strong during the main cropping season. During the offseason cropping period, in the savannah zone, other breeding sites such as rain puddles and stagnant water in beds of seasonal rivers, which were not taken into account for the calculation of the SWA, might have been responsible for a large part of the unexplained variation. In the savannah zone, rain puddles and flood-prone areas receive ample sunlight as compared with the forest zone, especially at the beginning of the rainy season, due to the clearing of the undergrowth during the dry harmattan season by bush fires. During the main season cropping period, there is much less direct sunlight, due to growth of annual grasses. This could explain why in the R2 savannah villages, the A. gambiae population density was generally higher during the off-season cropping period, even with lower SWA, than during the main season cropping period with higher SWA. The fact that in the R1 villages, the A. gambiae population density was lower during the off-season cropping period could be explained by the very low SWA. In the forest zone during the off-season cropping period, a very strong correlation existed of rice-cultivated inland valley with the A. gambiae density per person, whereas the uncultivated inland valley variables had a very weak correlation with the A. gambiae density per person. The fact that the proportion of SWA on rice cultivated land was a significant covariate in the multivariate regression model indicates that the cultivation of flooded land does enhance mosquito breeding. These results are best explained by the requirement of sunlight for breeding of A. gambiae. In the forest zone, the -often naturally floodeduncultivated inland valleys are covered with dense vegetation. The clearing of this vegetation for rice cultivation might create potential breeding sites. The fact that the correlation of A. gambiae population density with ricecultivated inland valleys being higher for the off-season cropping cycle than for the main season cropping cycle is explained by the absence of other suitable breeding sites of minor importance such as rain puddles on dirt roads or other open areas around villages during the off-season cropping cycle. We conclude that in the forest zone, rice cultivation is a major variable in enhancing A. gambiae population density during the main season. During the offseason, rice plots in inland valleys even seem to provide the only suitable breeding sites for A. gambiae. The surface of the off-season rice-cultivated land is currently small in the forest zone. We predict that further clearing of inland valleys or rehabilitation of irrigation works for off-season rice cultivation will result in increased vector populations.
Particularly in the forest zone, the linear relationship of the seasonal A. gambiae density per person with SWA on rice-cultivated land is stunning. Apparently, in these rural settings, surface water on inland valleys is the major factor limiting population size, and not adult density-dependent mechanisms, at least up to an average of 20 bites per person-night over the season. It was unfortunate that we did not have access to recent data on the human population of the villages, to check whether the relationship is as clear between the total biting population and the surface of inland valleys around a village. Nevertheless, an analysis (results not shown) with the A. gambiae density per village (i.e. the A. gambiae density per person multiplied by the human population size), calculated with the 1988 census data (Anonymous 1988) as response variable, showed broadly the same relationships with rice land and inland valleys, as the analysis with the A. gambiae density per person as response variable.
It has to be kept in mind that high mosquito densities do not necessarily result in high transmission of malaria. Density-dependent mechanisms might affect the proportion of sporozoite-infected mosquitoes, even resulting in reduced transmission at higher densities (Dolo et al. 2000) . In a preliminary binomial regression analysis with the proportion of infective mosquitoes over a rice cropping season as response variable and the seasonal A. gambiae density per person as explanatory variable with villages as unit of analysis, we observed significant negative correlations for all seasons and zones, except for the off-season cropping period in the forest zone (analyses not shown). In the savannah, no significant correlation of seasonal entomological inoculation rate was observed with SWA on inland valleys. However, in the forest zone, positive correlations were found for both cropping seasons.
It is generally assumed that the flight range of A. gambiae is within 1-2 km from suitable breeding sites (Birley 1989; Thomson et al. 1995; Dolo 1996) . Usually, highest mosquito densities are found close to breeding sites, such as rice fields (Faye et al. 1993; Lindsay et al. 1995) . Therefore, the 2-km radius around villages seems sufficient to include the major breeding sites of the mosquitoes biting in the village. However, as the dry season A. gambiae density in Kaforo (without off-season rice cultivation) was very similar to that of the nearby double-cropping village of Nambekaha, and as in the other R1 villages the dryseason densities were very low, we suspect that during the dry season, the mosquitoes biting in Kaforo were bred in the rice fields just outside the 2-km radius. This indicates that the 2-km radius might not be appropriate, and that observations in geographically close villages might not be independent. Conversely, a reverse effect was observed with the two neighbouring villages of Gbahouakaha and Nongochenekaha which shared double-cropped inland valleys within their radius.
